Introduction
Human intestine harbors trillions of diverse communities of commensal bacteria that are beneficial for the human health [1] [2] [3] [4] . It has been estimated that over 100 trillion microbes belonging to over 500 species co-exist in the human colon [5] . Changes in the composition of intestinal microbiota have been observed in disease involving infectious and non-infectious etiologies [6] [7] [8] [9] [10] . Diet is known to cause changes in fecal Microbiota [11, 12] . Three predominant enterotypes have been shown to be present in the human gut microbiome: Bacteroides, Prevotella and Ruminococcus [13] . Several studies suggest that each individual harbors his or her own distinctive pattern of intestinal microflora composition that is not necessarily distinct but is a gradient microbial community [14] . This pattern tends to remain constant across time with the exception of possible age and Body Mass Index (BMI) related changes [15] [16] [17] . IBD and gastrointestinal cancers are thought to affect the microflora composition and recent data supports such association [9, [18] [19] [20] [21] . Human feces provide a complex microbial niche and are reflective of the microbiota that is present in the large intestine [22] [23] [24] [25] . Thus, analysis of the bacterial communities in human feces is widely utilized to determine the changes in infectious or non-infectious diseases.
Culture-independent molecular methodologies have facilitated more accurate and rapid detection of changes in microbial communities during various disease states [26, 27] . The detection of a broad-range of commensal bacteria is based on classifying heterogeneous 16S genes amplified by polymerase chain reaction (PCR) using primers with broad specificity [28] [29] [30] . Prior to 2010 the general method of sampling and categorizing DNA from complex samples has been to clone or otherwise segregate individual amplicons, then sequence a subset of them [28] [29] [30] . However, the number of sequences required to adequately quantify the population levels of each taxa in a sample is unwieldy. Additionally, newer high throughput sequencing technology has been used to study bacterial populations using the 16S sequences. While this technology is readily available the complex analytical tools and expertise necessary to analyze the data is not as readily available. Recent development of a high density microarray consisting of probes complementing 16S genes has enabled researchers to perform profiling of the microbes in a given sample for monitoring changes in the bacterial communities in a simple and time efficient manner [31] . These microarrays have been used in monitoring microbes in diverse environments and in disease and are able to provide a fingerprint of characterized sequences [32] [33] [34] . Specific microbiome signature changes have been reported in inflammatory bowel disease, obesity and infectious diseases and are considered for the diagnosis and monitoring of these disorders. This provides an opportunity to develop more novel biomarkers for monitoring disease progression or therapeutic outcomes.
The use of probiotics, dietary patterns and intake of various nutrients can change profiles of fecal microflora [12, [35] [36] [37] . Specific diets have been implicated to play a role in Crohn's disease. Thus, efforts were made to utilize specialized diets, such as the Specific Carbohydrate Diet™ (SCD) and the Low Residue Diet (LRD), for restoring the gut microbiome and to improve intestinal health [38] [39] [40] [41] . The SCD restricts the use of complex carbohydrates and has been advocated in the symptomatic management of celiac disease for many years since 1955 [42] [43] [44] [45] . The LRD is a low fiber diet and serves to prolong intestinal transit time. This has been suggested to be beneficial in alleviating Crohn's disease symptoms with varying results [46] . Further investigations are needed to gain insights into the complexity and dynamics of the human microbiota in the context of various diets for managing gut inflammation.
In this study, we investigated several methods of fecal sample processing for their utility in providing the best representation of the fecal microbiome diversity. The aim of this study was to demonstrate changes in the complexity of the microbiome in the longitudinal fecal samples following diet modification using culture independent high-density microarrays, the 16S PhyloChip. We examined the impact of IBD as well as the SCD or LRD diet modification on the restructuring of the gut microbiota.
Methods

Study subjects and experimental design
This study was designed in part to investigate the effect of DNA extraction methods on the ability to detect changes in the complexity of fecal microbiome of healthy controls and patients with Crohn's disease and to investigate the effects that diet has on restoring the gut microbial complexity in patients with Crohn's disease. The SCD and LRD were selected to investigate their effects on the alleviation of the clinical symptoms of Crohn's disease. Previous anecdotal reports suggested a wide use of LRD by patients and a potential of enhanced relief from clinical symptoms of Crohn's disease with the use of SCD [47] [48] [49] . Participants were enrolled in the study at the pediatric and adult IBD clinics at UC Davis Medical Center (Sacramento, CA) as per IRB approved protocols.
Eight participants, aged 16-50 years (Table 1 ) who met the inclusion criteria were enrolled in this study. All participants were Caucasian. Two participants were healthy controls while six participants had a diagnosis of Crohn's disease (CD). Inclusion criteria for the CD cohort included: 1) confirmed diagnosis of CD, 2) in clinical remission 3) no Probiotics use and 4) willing to sign consent form for enrollment into the trial. Exclusion criteria included: 1) failure to meet any of the inclusion criteria, 2) poor compliance with the diet during the study phase, 3) failure to submit stool samples as indicated at each phase of the study, and 4) need for antibiotic use during the study. Subjects were randomized to either diet A (LRD) or diet B (SCD) and an education booklet was provided to them describing the research diet and sample menus. Stool samples were collected on day 1 and 30 ( Figure 1) . A twenty four-hour dietary recall was performed by the trained dietitians over the phone. After their initial 30 day period, patients went on a "washout" phase for 30 days. During this period the participants resumed their normal pre-study diet. After washout period, patients returned to clinic and the second 30-day trial period began. Stool samples were collected again at the beginning and after 30 days on the trial diet. Standard IBD questionnaires (IBDQ) were collected from all subjects at the beginning and end of the study to access clinical outcome. Loss of compliance or worsening of the clinical disease state automatically excluded them from continuing the study.
All patients were blind to the specific names and any commercial affiliations of the research diet they were on and were not aware of the specifics regarding the diet they were on. The IBD care team was also blinded to the diet assignments.
Research dieticians performed randomization and subject education for all pediatric and adult subjects. Education packets on both SCD and LRD diets were carefully developed. SCD dietary information was carefully reviewed to follow dietary guidelines as described by E. Gottschall. Sample menus were developed from her book "Breaking the vicious cycle." Ms. Gottschall and her estate approved use of the material prior to starting this study. LRD instructions were crafted to mimic and display no inferiority to the SCD booklet [50, 51] . This was done to avoid induction of bias into our subject population. Two healthy participants with no gastrointestinal symptoms or other chronic illnesses were also enrolled to provide a baseline control fecal sample [52, 53] .
DNA extraction from fecal samples
An initial stool sample, IBD3-01, was used to test for efficacy and reliability of the bacterial DNA extraction method. Two DNA extraction methods, P1 (Phenol Chloroform: P) and Q1 (Qiagen Stool Kit: Q), were used and compared ( Figure 2 ). Two separate 250 µL stool samples were used for the Q1 test, whereas for P1 500 µL of sample was digested overnight, and then split into two 250 µL samples for P1 extraction. The four resulting DNA extracts were diluted to test for optimal PCR template concentration. 4 ng, 20 ng, and 100 ng of each of the four templates were individually amplified by PCR for bacterial 16S rRNA gene (16S) and for archaeal 16S. Each dilution was amplified independently eight times on a temperature gradient of 48°C to 58°C. PCR products were visualized on 1% agarose gels containing ethidium bromide. 20 ng of DNA template consistently amplified well, and the amplifications from 48°C-58°C showed larger bands. All subsequent PCRs were done with 20 ng total DNA templates on a gradient of 48°C to 58°C to decrease the likelihood of missing sensitive bacterial populations [54, 55] . Variations to the starting materials included: P2: 250 mg of feces instead of 250 uL. P3: Same as P1 but using 250 uL of feces in Trizol. Q1: 250 uL of frozen stool sample. Extract using Qia Amp DNA Stool Miniprep Kit as described by manufacturers. Elute in 50 uL Buffer AE. Q2: Same as Q1 but use 250 mg of frozen feces. Q3: Same as Q1 but use 250 uL of feces in Trizol.
The IBD4-02 DNA was extracted with both the P2 and Q2 methods to test extraction comparability again while standardizing for mass. The sample was then extracted using 
16S sequence amplification by polymerase chain reaction assay and hybridization
Bacterial DNA amplification was done on a Master cycler gradient thermocycler (Eppendorf). The 50 µL reaction mixture contained 21.75 µL of sterile water, 5 µL of 10X PCR Buffer (Takara), 0.25 µL of 5U/µL ExTaq (Takara), 4 µL of 2.5 mM dNTP, 5 µL of 10 mg/mL BSA (New England Biolabs), 5µL each of 3µM forward and reverse primers, and 4 µL of template DNA. Bacterial primers were 27°F (5'-agagtttgatcctggctcag-3') and 1492R (5'-ggttaccttgttacgactt-3'). Archaeal primers were 4Fa (5'-tccggttgatcctgccrg-3') and 1492R (5'-ggttaccttgttacgactt-3'). PCR products were hybridized to the Phylochips as previously described [56] . Briefly, the hybridization method is similar to the standard Affymetrix hybridization protocol. Control oligo used was a DOE 213 primer (5' biotin-7 TCCTGAACGGTAGCATCTTGACGAC 3'), and a custom spike-in control of known bacterial DNAs was added to the fragmentation mix during DNA fragmentation.
Data analysis
Cell files were analyzed with PhyloTrac(Institute for Genome Sciences, Baltimore, USA) and dCHIP(Harvard School of Public Health, Boston, USA). PhyloTrac implements background subtraction, normalization and probe scoring algorithms as previously described [57] . DChip was used to do a basic comparison of samples as previously described [58, 59] . Only samples with a pf score > 0.9 were analyzed.
Results
Participants
Eleven subjects were approached about study participation. Six subjects met inclusion criteria and were enrolled in the trial. All subjects were females, between 16 to 48 years of age, and on Imuran for remission maintenance (Table 1) . Two patients withdrew from the study due to inability to comply with dietary recommendations of which 1 patient provided a pre diet modification sample. In total, 17 fecal samples were obtained from 5patients enrolled in the trial, of which 16 samples were utilized for analysis of dietary associated changes in the fecal microbiome and 5 samples for comparison of IBD vs controls. Compliance with the diets, based on weekly phone contacts, was approximately 80%. All subjects submitted fecal samples at four time points, at the beginning and end of each research diet. A four-week washout phase was kept for all subjects (Figure 2 ). For the duration of the study period, Crohn's disease medications and dosages were unchanged.
Fecal sample processing for DNA isolation impacts microbiome profiles
The bacterial microbiome profiles depended to a great extent on the methodology used to extract bacterial DNA from the fecal samples. This is in agreement with previous findings using colonic mucosa [54] . The 7 fecal samples used to compare the methodology were analyzed using hierarchical clustering. All samples that were derived from Qiagen stool DNA extraction method clustered together (IBD3-01-Q1, IBD3-01-Q2 and IBD4-02-01-Q1) (Figure 3 ). Because duplicate extractions using each method were done, it was possible to test consistency within methods. The duplicates had very similar profiles (P1 duplicates average expression ratio: 0.94; Q1 duplicates average expression ratio: 1.08), indicating a high level of reliability. The P1 extractions generally had higher fluorescence (P1:Q1 average ratio: 1.60) for each probe (bacterial subspecies). P2 and Q2 were used on the IBD4-02 sample to test whether the results would apply across samples. This time, the Q2 had higher fluorescence than P2 (P1:Q1 average ratio: 1.81) Again, P2 and Q2 gave similar bacterial population profiles, but P2 expressed much lower levels of Bacteroidetes spp. The results from the P3 extraction of IBD4-02 were similar to P2 though with higher fluorescence (P3:P2 average expression ratio: 1.45). Q3 did not produce enough DNA to amplify (Data not shown).While all samples from IBD301 clustered together; samples using the Qiagen extraction method were more closely clustered. Furthermore samples from the same participant extracted using the same methods were most closely related irrespective of the amount of starting material.
Differential detection of Bacteroidetes based on bacterial DNA extraction method
The phenol based extractions had a much lower representation of Bacteroidetes spp. population than the Qiagen based extraction (P1:Q1 average Bacteroidetes spp. ratio: 0.60) ( Figure 4A ). Hierarchical clustering of the Bacteroides family showed the highest representation in the three samples that were processed using the column extraction method (Qiagen), 66 species were represented on the phylochip. From 54 to 62% of Figure 3 : Cluster analysis of control samples: Cluster analysis was used to identify the effects of extraction methods on identification of microbial content and diversity in fecal samples. Samples clustered primarily by the extraction method followed by the origin of the sample. The intensity of the red indicates increasing amounts of the specific 16S Ribosomal target. Samples IBD3-O1-O1-P1 and IBD3-O1-O1-P2 clustered together while IBD3-O1-01-Q1, IBD4-O1-O1-Q2 and IBD4-O1-O1-Q1 clustered together. Both phenol extractions of HM02 remained closely related. The effects of using 250µg vs 250µl was not significantly different. the 66 species were present in the samples IBD3-01-01-Q1 and Q2, and IBD4-02-01-Q1. Only 3 of the 66 species were present in all 7 samples ( Figure 4B ). An abundance of Bacteroidetes species in fecal samples of humans has been previously reported [15, 60, 61] . Thus, the maximal representation of fecal microbiome represented by the hallmark bacterial species belonging to the phylum Bacteroidetes was detected using 250 µl of stool sample extracted using the column method (Qiagen) following mechanical disruption [54, 62, 63] . This method was utilized in the rest of this study.
Changes in the microbial diversity in IBD
A marked decrease in the overall microbial diversity was observed in fecal samples from five IBD participants at the pre-diet modification time point compared to the negative controls. Forty-nine bacterial representative species belonging to 12 classes were decreased in 16S gene levels while only 16 species belonging to 4 classes were present at higher levels in fecal samples from IBD patients ( Figure 5 ). These results were consistent across 75% of the comparisons analyzed (6/8). There was a significant overlap of bacterial classes that were increased or decreased in the presence of IBD. The dominant classes with decreased abundance included some species of Clostridia (21%), Bacilli (16%) and Bacteroidetes (21%). The classes represented in the increased abundance group include other species of Clostridia (50%) and Gammaproteobacteria (30%).
While the overall microbial diversity is decreased in IBD patients, some bacterial species belonging to Phylum Bacteroidetes were significantly increased in these pre-diet modification samples ( Figure 6 ) [18, 64] . Representative species, Bacteroides fragilis, was increased in all fecal samples from IBD patients, as evidences by increased fluorescence of the corresponding probe sets, and may indicate a shift in the composition of the microbiota from the controls. Blb. denitrificans, Ruminococcus torques, and other Bacteroides species, such a Bacteroides stercoris, were increased in abundance as indicated by higher fluorescence intensity of the specific probe set as well.
Clostridium lactatifermentans and other human colonic clones that have been previously identified in feces of healthy controls were decreased in the colons of IBD positive participants (Figure 7,9C) . Clostridium leptum subgroup F. prausnitzii levels were increased in the fecal samples of IBD patients as has been previously described [65, 66] . Decreased abundance of bacteria such as F.prausnitzii in colonic biopsies has been associated with an increase in symptoms of Crohn's ileitis. In this study, however, there was an increased representation of F. prausnitzii in the fecal samples, which could indicate a decreased proportion of the bacteria at the mucosal surface as previously reported due to increased shedding [67] . Some clones of F prausnitzii, such as C. Leptum subgroup clone HuCB2 and p-5460-2Wb5, were decreased in abundance. The significance of these changes is unknown.
Low residue diet (LRD) and the specific carbohydrate diet (SCD) affect fecal microbiome diversity
A general increase in diversity was observed in fecal samples of participants on the SCD diet as compared to the LRD diet with a larger number of represented bacterial families showing changed abundance following diet modification (Figure 8,9) . The SCD is enriched in simple carbohydrates. This was a longitudinal monitoring of participants who were serially sampled prior to initiation of diet modifications, following the initial SCD or LRD diet assignment, and after switching to the other diet option. The data is representative of individuals on the diet compared to their pre-diet samples. A period of wash-out was included between the two diet periods. The microbiome did not return to the composition of the pre-diet state following the washout period (data not shown). In fact, the change in the microbiome during the diet was retained during the period of washout.
Following the SCD, the microbial diversity increased to include 134 bacteria belonging to 32 different classes ( Figure  8 ). The LRD diet was associated with a decreased diversity of the microbiome with 11 bacteria belonging to 3 families ( Figure 9 ). The bacterial families overrepresented in the increase in SCD included over 20 species of the non-pathogenic clostridia family. Many of these species were decreased in the participants of the LRD diet. A shift in the representation of several bacteria of Clostridia spp was observed with the diet change. However, increased microbial diversity was not associated with any change in the clinical status.
Discussion
The pathogenesis of IBD is multifactorial and is a consequence of interplay between genetics, immune dysregulation and environmental factors. Within the last decade, advances in microbiome analysis have allowed a shift in focus to the importance of microbiota, its effects on intestinal homeostasis, and the development of IBD. An individual's characteristics such as age, body mass index, and gender do not completely determine the population and dominance of specific enterotypes but play a role in shaping it [13, 68] . A recent study involving monozygotic twins and their respective biological mothers showed that families shared a very similar bacterial makeup [69] . Diet, body fat composition and a variety of infections modify the gut Microbiota [7, [70] [71] [72] [73] [74] . These findings suggest that gut microbiome may be altered or shaped by other factors in addition to the genetic factors or the dynamics between exposure to specific viruses or bacteria and the host.
Intestinal epithelial permeability has been shown to be a determining factor in the development and progression of IBD and other inflammatory conditions. Disruption of the integrity of the tight junctions in the epithelial barrier, impaired mucin secretion and Paneth cell functions contribute to the increased permeability [75] . Epithelial barrier defects can be attributed to genetic susceptibility and gut inflammation [76, 77] . The immunemodulators and biologic agents are being utilized to control gut inflammation. Another approach for controlling the intestinal inflammation may include reshaping the gut microbiota through diet interventions [78, 79] . A change in the diet with potential inclusion of prebiotics and/or probiotics can alter the gut microbiota that is beneficial for human health. Our pilot study was focused on investigating the impact of two specific diets, in IBD patients, on the fecal microbiome in a controlled setting.
We first identified the effects of bacterial DNA extraction methodology on the representation of species complexity in the fecal microbiome as has been previously shown. The method of extraction played an important role in the types and number of species that were identified in the stool samples [54] . While there was no significant difference in the bacterial DNA yields using these two methods, the identification of Bacteroides Spp. in the fecal samples extracted by the column method was far greater than in the phenol chloroform method. Thus it is possible that the column method may be the choice method for use in fecal samples with similar downstream applications. While some Figure 8 : Increased in bacterial diversity is seen following SCD diet with no appreciable changes during LRD diet modification: Compared to the pre LRD diet stool samples from participants had an increase in levels of 11 species and a decrease in 13 species (A). In contrast the SCD diet change was associated with an increase in 134 species and a decrease on only 6 species (B). (Red: increase, Blue: decrease). studies have found a wide variability in the representation of Bacteroides Spp, others have shown their presence consistently in human stool samples [63, [80] [81] [82] . Furthermore, the use of DNA microarray technology provides a fast and convenient means to examine the alterations in the fecal microbiota on a large scale and provides a window into the health of the intestinal mucosa.
The role of microbiota in gut inflammation and IBD has been extensively studied [83] [84] [85] [86] [87] . The effects of Bacteroides fragilis, on the Th1 responses through the action of the bacterial-derived polysaccharide A (PSA) have been demonstrated. Furthermore, altered microbiota also play a role in activation of a Th17 response which is pro inflammatory, especially in IBD [83] . The global analysis of IBD associated dysbiosis has provided information on the complex interplay between microbiota, the innate and acquired immune system. The gap in knowledge is in the area of whether diet modifications can affect the microbiota in a positive manner and if this change is measurable. Our study has provided data to suggest that changes in the microbial diversity associated with IBD can be altered by dietary changes. While this study utilized a small "n", the longitudinal samples provided critical evidence of the effects of diet modification on the fecal microbiota. The level of gut inflammation was not characterized, however all participants had disease and it is assumed that gut inflammation played a role in the microbiome that was detected in the stool samples. At baseline, before diet implementation, overall microbial diversity was significantly decreased in IBD samples as compared to the healthy negative controls. IBD patients had more Bacteroides fragilis and a decreased abundance in Clostridium lactatifermentans, indicating a shift in the microbiota away from the composition of the microbial communities in the healthy controls. In terms of improving the microbial diversity that IBD patients lacked, the SCD diet proved to be more effective. Patients on the SCD diet had an increased abundance of some C. leptum species, which typically has been known to be a minor bacterial component in IBD patients [66, 67, 88] . Interestingly, the increase in microbial diversity with the SCD diet included an increased representation of F. prausnitzii, an anti-inflammatory commensal, in the stool samples [66] . More importantly, the gut Microbiome diversity was maintained and did not return to baseline composition during the washout periods. On the contrary, the LRD diet caused a drastic decrease in the Microbiome diversity. Due to the limited data, we were unable to show a significant clinical improvement with the increase in microbial diversity in IBD patients receiving the SCD diet.
Further investigations are warranted to explore specific diet regimens for clinical improvement in IBD patients and using the restructured gut microbial diversity as a correlate. Future studies of patient disease groups and controls will help delineate the host-microbe interactions in the gut that help maintain intestinal health.
